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Abstract 
Expression of a tomato peroxidase gene that is constitutively expressed only in roots was induced in stems and leaves as a result of mechanical 
wounding. However, wound-induction of TPXl transcript accumulation in leaves was limited to the mid-rib. No TPXl transcript was detected in 
the lamina of the leaf after wounding. Peroxidase isozyme studies indicated the presence of a unique basic isoform in stems after wounding. 
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1. Introduction 
Wounding mediates the regulation of gene expression 
in some genes not directly involved in the plant defense 
response being down-regulated [ 1,2], whereas other 
genes the products of which are involved in wound-heal- 
ing or pathogen attack are up-regulated [3,4]. However, 
plants can perceive and respond in a different manner 
depending on the signals generated by wounding or 
pathogen attack and the biochemical barriers formed are 
different [5,6]. 
Peroxidase involvement in wound-healing has been 
explained by its catalytic role in the cross-linking of pec- 
tins and structural proteins in the cell wall [7] and/or the 
polymerization of the phenolic monomers of lignin [8] 
and suberin [9]. Wound-inducible peroxidase genes have 
been reported in potato [lo], and tomato [l 11. In tomato, 
two peroxidase genes, tap1 and tap2 encoding anionic 
isoforms are expressed as a result of wounding in fruit, 
leaf and stem tissues [11,12]. Tapl transcripts could be 
detected 48 h after wounding, increase gradually to a 
maximum at 84 h, and subsequently decreased thereafter 
WI* 
We have characterized two other peroxidase genes 
from tomato [13], that by primary sequence of the pro- 
tein and by expression pattern are different from tap1 
and tap2. One of these genes, TPXl, is only expressed in 
roots throughout the development of tomato plants and 
is presumably involved in the deposition of suberin in 
this tissue [14]. 
In order to gain a broader insight in gene expression 
upon wounding, we decided to analyze the transcripts of 
two other genes, the proteinase inhibitor-II (PI-II) and 
the small subunit of the ribulose-1,5-bisphosphate car- 
boxylase (SSU). Potato and tomato plants accumulate 
*Corresponding author. 
proteinase inhibitor II (PI-II) in leaves as a direct conse- 
quence of mechanical wounding or insect damage and 
this is considered to be a defense mechanism of plants 
against attacking insects [ 151. 
We report that although the TPXl transcript is consti- 
tutively present in roots, the transcript accumulation is 
wound-inducible in stems and the mid-rib of tomato 
leaves. We also report on changes in the relative activities 
of isoperoxidases already present in unwounded tissue 
and the appearance of a new activity band in the stem. 
A transient decrease in SSU transcripts is also detected 
upon wounding followed by a further recovery to normal 
levels. 
2. Materials and methods 
2.1. Plant material 
Tomato (Lycopersicon esculentum cv. Pera) seedlings were grown in 
the greenhouse under a 14 h daily photoperiod. Two-month-old plants 
were used for the experiments. 
2.2. Tissue wounding experiment 
Stems of tomato plants were wounded by rolling a circular 6le over 
the surface of the stem. Leaves were also wounded by using a circular 
file with a wooden block under the leaf blade for support. This method 
allows sufficient crushing to release wound signals leaving enough in- 
tact cells among the broken material to express the wound-induced 
genes [12]. In the experiment o determine transcription levels away 
from the wound site in the stem, the injury was made by excising 5-mm 
wedges of the stem [16]. 
2.3. Preparation and analysis of RNA 
RNA was extracted from tissue samples using the acid guanidinium 
thiocyanate-phenol-chloroform extraction protocol [14]. The proce- 
dure was modified and included an additional 2 M LiCl precipitation 
step followed by sodium a&a&ethanol precipitation. Poly(A)+ RNA 
was separated from total RNA using oligodT cellulose [17]. RNA was 
estimated spectrophotometrically, separated on formaldehyde agarose 
gels, visualized with ethidimn bromide, and transferred to a Hybond-N 
membrane (Amersham) by capillary transfer [ 171. 
The 3ZP-labeled probe was prepared by random primed labeling of 
the isolated cDNA inserts excised from TPXl [13], PI-II [15] and 18s 
rRNA [18] clones. To obtain the SSU cDNA probe, poly(A)+ extracted 
from tomato leaves was used as template and complementary DNAs 
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were obtained using oligo-dT as a primer and MMLV reverse transcrip- 
tase. The SSU was amplified by PCR using a specitic oligomer from the 
5-terminus of the SSU and oligo-dT as primers [19], then filled with the 
Klenow fragment and cloned into the blunt end EcoRV site of the 
pBluescriptI1 SK(+) vector (Stratagene). 
Filters were hybridized overniaht in 6 x SSC. 2 x Denhardt’s olu- 
tion, and 0.1% SDS at 60°C. They were washed’twice at room temper- 
ature for 15 min in 1 x SSC, 0.1% SDS and then 30 min in 0.2 x SSC, 
0.1% SDS at 60°C. 
2.4. Peroxidase xtraction and isoelectric focusing 
Leaf and stem tissues were frozen in liquid nitrogen and ground with 
a mortar and pestle, 0.75 g of the powder was extracted with 50 mM 
potassium phosphate buffer (fresh tissue/buffer ratio 1 : 3, w/v), pH 6.0, 
containing insoluble polyvinylpyrrolidone (0.08 g/ml) to immobilize 
phenolics and 1 M KC1 to simultaneously extract soluble and ionically- 
bound peroxidases [ZO]. After dialysis the extracts were concentrated 
to ca. 200 ~1 by ultratiltration. 
Isoelectric focusing was performed in agarose plates in the pH range 
of 3 to 10 (FMC Bioproducts, Denmark). The samples were focused 
for 40-50 min following the manufacturer’s instructions. The gels were 
then soaked for 20 min in 25 mM phosphate buffer, pH 6.0, containing 
150 mM NaCl (PBS) to remove ampholines and equalize the pH [16]. 
Peroxidase isozymes were detected by soaking the gel in PBS wih 
4-chloro-1-naphtol3.3 mM, and 0.08% HrO, as substrates. A similar 
pattern of bands was obtained using o-dianisidme as substrate. The 
volume of the electrophoresed sample corresponded to ca. 60 mg of 
fresh stem. 
3. Results 
A 1.3 kb band was detected in RNA from the wounded 
stem using the TPXl insert (Fig. l), whereas no tran- 
script could be detected in tissues from unwounded or 
wound-induced leaves (Fig. 2). TPXl transcript accumu- 
lation in stems was detected as early as 6 h after the 
injury. The levels of TPXl-specific transcripts reached a 
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Fig. 1. Effect of wounding on TPXl , PI-II, and SSU transcript levels 
in tomato stem. Total RNA extracted from control unwounded (C), 
and wounded stem at 6 h, 12 h, 18 h, 24 h, 3 days (3 d), and 10 days 
(10 d) after the injury was analyzed by RNA blot hybridization with 
the probes indicated on the left. 
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Fig. 2. Effect of wounding on TPXl, PI-II, and SSU transcript levels 
in tomato leaves. Total RNA extracted from control unwounded (C), 
and wounded leaf at 6 h, 12 h, 18 h, 24 h, 3 days (3 d), and 10 days (10 
d) after the wounding was analyzed by RNA blot hybridization with 
the probes indicated on the left. 
maximum by 24 h, then subsequently decreased and was 
undetectable 10 days after wounding. 
Reduced SSU mRNA levels were clearly detectable in 
leaves 6 h after wounding (Fig. 2). A slight decrease in 
the transcription level was also observed in the stem 6 h 
after the wounding (Fig. 1). The wounding-mediated in- 
itial decline in SSU message may constitute a common 
plant strategy of repressing those genes that are not di- 
rectly involved in the plant defense response [1,2]. How- 
ever, the latter higher level of transcription over the pre- 
wounding level, between 18 and 24 h after the physical 
damage, may constitute a plant strategy to recover a 
balanced cellular metabolism after the external stimuli 
have ceased. 
PI-II mRNA was clearly detectable 12 h after wound- 
ing in leaves and its level gradually increased to a maxi- 
mum by 24 h. Three and ten days after the wounding, 
PI-II mRNA was still clearly visible (Fig. 2). Transcripts 
from the wounded stems that hybridized to the PI-II 
probe were detected at 12 h and reached a maximum 
level after 24 h (Fig. 1). 
Northern hybridization was also used to investigate 
the accumulation pattern of TPXI transcripts at various 
distances from the site of physical damage. Tomato 
stems were wounded and 48 h later RNA was isolated 
from cross-sections of stem tissue harvested at 0, 1 and 
2 cm from the wound site. The accumulation of TPXl 
mRNA in the wound site was similar to that detected at 
increasing distances (1 and 2 cm) from the wound site 
(Fig. 3). As indicated above, there was no accumulation 
of TPXl transcripts when the lamina of the leaf was 
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wounded. However, when the wound site of the leaf was 
the main vein, an accumulation of TPXl mRNA was 
detected in similar amounts to that found in wounded 
stem (Fig. 3). 
Isoelectric focusing of stem extracts after wounding 
revealed a decrease in neutral and weakly basic isozymes, 
p1 range 6.5 to 8, followed by an increase in the acidic 
isoforms (Fig. 4). One unique peroxidase isozyme, p1 
close to 8.5, appeared 12 h after wounding and increased 
to a maximum at 24 h, being undetectable 10 days after 
the injury. The time course analysis of this isozyme cor- 
relates to the accumulation of TPXl transcript and the 
p1 value is also close to the theoretical p1 deduced from 
the TPXl sequence (7.5). Taken together, these data sug- 
gest that this new isozyme activity is the result of the 
wound-induction of the TPXl gene. 
4. Discussion 
The peroxidase gene TPXl exhibits an expression pat- 
tern which is subject o both developmental nd environ- 
mental regulation. Under the developmental program 
TPXl mRNA constitutively accumulates to detectable 
levels in tomato roots [14]. Accumulation occurs in the 
plant stem and main-vein of leaves only after mechanical 
wounding. Expression of TPXl is likely the result of two 
separate signalling pathways similar to potato proteinase 
inhibitor [2 1,221. 
The expression of defense genes is highly regulated in 
each tissue or cell type and specific members of a gene 
multifamily are differentially expressed in response to an 
external stimulus [23]. Tomato plants respond to wound- 
ing by inducing at least three different peroxidase genes, 
TPXl, tap1 and tap2. TPXl encodes for a cell-wall-tar- 
geted tomato peroxidase that is only 35 percent identical 
to tap1 and tap2 [13]. Moreover, p1 values of proteins 
encoded by tap2 and tap2 are highly acidic [ 111. Develop- 
mental and environmental regulation of TPXl expres- 
sion is also unique relative to tap2 and tap2. Whereas 
TPXl is constitutively expressed only in the roots [14] 
and in the stem in response to wounding (Fig. 2), tap2 
distance (cm) 
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Fig. 3. Expression of TPXl in the stem and the main vein of the leaf 
after wounding. One cm cross-sections of stem tissue at 0, 1,2 cm from 
the wound site were harvested for RNA isolation two days after the 
injury. Total RNA was also extracted from the main vain (MV) of the 
leaf two days after wounding this tissue. 
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Fig. 4. Effect of wounding on isoperoxidase activity of tomato stem. 
Tissue extracts equivalent o 60 mg fresh weight tissue were obtained 
at 0, 12, 24 h, 3 d and 10 d after the wounding, applied to isoelectric 
focusing gels, and stained for peroxidase activity. Arrow indicates the 
new isozyme band detected after wounding. 
is constitutively expressed in the exocarp of maturing 
green tomato fruits [24] and both tap1 and tap2 are ex- 
pressed in leaves, roots and fruits after wounding [12,25]. 
Furthermore, highest levels of TPXl transcripts oc- 
curred around 24 h after wounding (Fig. 2) whereas 
maximum expression of tap1 in the leaves of transgenic 
tobacco plants occurred 84 h after the physical damage 
[12,26]. These differences in both tissue expression and 
time course response to wounding between TPXl and 
tap1 and tap2 may indicate a complex response of to- 
mato plants to physical damage and the involvement of 
different signal transduction pathways. 
Basic information about the plant defense gene expres- 
sion at the level of different isoforms must constitute an 
obligate step to further understand the whole plant re- 
sponse and its application to develop resistant organ- 
isms. 
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